[1] Quartz mylonites from the Tonale Fault Zone in the Alps (northern Italy) have been investigated by the Ti-in-quartz geothermometer (TitaniQ) in order to test its applicability to measure deformation temperatures. The eastern part of the Tonale Fault Zone was contact metamorphosed by the synkinematic intrusion of the Adamello pluton, forming an ∼800 m wide mylonitic shear zone, with a synkinematic temperature gradient from ∼280°C at the frictional-viscous transition to ∼700°C at the pluton contact as derived from metamorphic mineral assemblages. Deformation microstructures from quartz mylonite samples, systematically collected across the mylonitic shear zone, display the entire range of dynamic recrystallization in quartz, which comprise bulging recrystallization (BLG), subgrain rotation recrystallization (SGR), and grain boundary migration recrystallization (GBM). TitaniQ geothermometry yields the near-peak deformation temperature for quartz mylonites deformed at metamorphic temperatures above ∼540°C in the zone of GBM. However, for mylonites formed under lower temperatures in the zones of SGR and BLG, the preexisting Ti concentrations were not reset. It is suggested that this is due to the sluggish Ti volume diffusion rates below 500°C and the short duration of contact metamorphism and deformation. Even in the higher temperature samples the reequilibration of Ti-in-quartz content was achieved by grain boundary migration rather than by volume diffusion. Hence, our results show that GBM is crucial for the reequilibration of Ti-in-quartz, while quartz mylonites deformed by either BLG or SGR, which predominate in natural shear zones at greenschist facies metamorphic conditions, most likely yield inherited temperatures.
Introduction
[2] Quartz mylonites are frequently found in shear zones of the continental crust, and development of their crystallographic preferred orientation (CPO = texture) and microstructure has been extensively studied in nature as well as through experimentation [e.g., Tullis, 2002] . To date, however, there is no reliable quantitative technique to directly determine their deformation temperature. The aluminum thermometer was proposed in 1970 [Dennen et al., 1970] , but it is not widely applied [e.g., Götze et al., 2001] . The same is true for oxygen isotope thermometry [e.g., Kirschner et al., 1995; Mulch et al., 2007; Vannay et al., 1999] , which is rarely used owing to concerns about the influence of deformation and recrystallization, significantly different diffusion rates under different conditions, and the "potential existence of diffusional decoupling of oxygen isotope ratios" . The recently developed Ti-in-quartz geothermometer (named TitaniQ by Thomas et al. [2010] and Wark and Watson [2006] ) has been demonstrated to provide a reliable crystallization temperature of magmatic rocks [Kawasaki and Osanai, 2008; Wark et al., 2007] as well as the metamorphic temperature of high and ultrahigh temperature metamorphic rocks Sato and Santhosh, 2007] . The TitaniQ was developed under static experimental conditions, and for quartz neocrystallization. The question is how it could be applied for conditions of dynamic recrystallization in natural shear zones. It has been suggested that TitaniQ (calibration by Wark and Watson [2006] ) can be applied to quartz mylonites [Kohn and Northrup, 2009; Pennacchioni et al., 2010] , but a systematic investigation of the geothermometer and its applicability with respect to the different dynamic recrystallization mechanisms of quartz is lacking. The TitaniQ has been experimentally calibrated for temperatures between 1000 and 600°C and extrapolated to temperatures as low as ∼300°C [Thomas et al., 2010; Wark and Watson, 2006] , initially at 1 GPa only, but it has been recently demonstrated that a systematic decrease in Ti-in-quartz solubility occurs between 0.5 and 2 GPa [Thomas et al., 2010] . Furthermore, because of the very low diffusion rates of Ti at relatively low temperatures and related sub-ppm Ti concentrations, TitaniQ application below 500°C is challenging, since there is a need for practical methods to measure precisely and accurately the low Ti-in-quartz concentrations. Thus, the outstanding questions related to Ti and other trace elements in quartz mylonites are as follows: [3] a. Is the initial Ti-in-quartz concentration reset to new temperature conditions during crystal plastic (ductile) deformation? [4] b. Can Ti-in-quartz concentrations successfully be measured down to deformation temperatures of 300°C? [5] c. What is the effect of the different dynamic recrystallization mechanisms on Ti equilibration in quartz (and the distribution of the other trace elements)? [6] In order to answer the above questions, TitaniQ was used to measure deformation temperatures of natural quartz mylonites deformed at a temperature range of ∼280-700°C, displaying the full range of dynamic recrystallization microstructures of quartz characterized by bulging recrystallization (BLG), subgrain rotation recrystallization (SGR), and grain boundary migration recrystallization (GBM). The study area, in the Southern Alps (northern Italy), offers "laboratory conditions in nature" because of a well-constrained temperature, confining pressure, kinematics and timing of deformation [Stipp et al., 2002a [Stipp et al., , 2002b [Stipp et al., , 2004 . [7] Quartz mylonite samples were systematically collected across the eastern Tonale Fault Zone in the upper Val di Sole (Trentino, northern Italy, Figure 1 ). The Tonale Fault Zone is a dextral strike-slip segment of the largest Tertiary Fault Zone of the Alps, the Periadriatic Fault System [e.g., Heitzmann, 1987; Schmid et al., 1989; Stipp et al., 2004] . The eastern part of the Tonale Fault Zone was contact metamorphosed by the synkinematic Avio and Presanella intrusions of the Adamello pluton [Stipp et al., 2004] . This segment of the Tonale Fault Zone consists of a paired mylonite belt, the Northern and the Southern Mylonite Zone (NMZ and SMZ), separated by the discrete Cataclastic Fault Zone (CFZ), while toward the west, the Tonale Fault Zone consists only of the NMZ and CFZ [Stipp et al., 2004; Werling, 1992] . The SMZ of the eastern Tonale Fault Zone appears to have been formed only where the Fault Zone was in close vicinity to the Adamello pluton, suggesting a coupling between strike-slip shearing and contact metamorphism. The mylonitic foliation is vertical and strikes approximately ENE-WSW; the mylonitic stretching lineation plunges preferentially ∼10°to the WSW (Figure 1 ). Dextral strike-slip shearing in the SMZ started at ∼34.5 Ma [Stipp et al., 2004] ; i.e., simultaneously with or slightly after the emplacement of the Avio intrusion, and ceased by ∼29 Ma when the Presanella intrusion of the Adamello pluton cooled below 300°C [Del Moro et al., 1983; Stipp et al., 2004] . The investigated rocks of the SMZ in the upper Val di Sole were penetratively deformed during Presanella contact metamorphism, reducing the time of interest to < ∼2 Ma as will also be further constrained by new age dating of the Presanella tonalite presented in this study. Protoliths of the SMZ are the early Paleozoic Edolo schists [e.g., Gansser and Pantic, 1988] , a monotonous series of phyllites with varying quartz content and intercalated quartzites. To the west, where they are not affected by Adamello contact metamorphism, the Edolo schists are characterized by pre-Alpine polyphase deformation under amphibolite and retrograde greenschist facies conditions [e.g., Spalla et al., 1999] .
Geological Setting and Sample Description
[8] Across the ∼800 m wide SMZ a synkinematic temperature gradient from ∼280°C at the frictionalviscous transition (CFZ/SMZ transition) to ∼700°C at the pluton contact was estimated using metamorphic reaction isograds [Stipp et al., 2002b; Werling, 1992] . The confining pressure was constant at 250-300 MPa [Stipp et al., 2002b] (Figure 1 , inset). The inferred pressures and temperatures, thus, represent peak metamorphic conditions of deformation. Prior to pluton intrusion, the ambient temperature was estimated to be ∼250°C [Stipp et al., 2004] . The contact metamorphic temperature gradient displays a systematic change in peak temperature along the cross section, and thus from sample to sample. Corresponding deformation microstructures of mylonitic quartz veins display the entire range of dynamic recrystallization in quartz ( Figure 2 ): BLG was dominant from ∼280 to 400°C, SGR from ∼400 to 510°C, and GBM from ∼510 to 700°C [Stipp et al., 2002b] . The peak metamorphic temperatures are, however, not necessarily the peak deformation temperatures registered in quartz because the ongoing deformation of the cooling contact aureole led to retrograde overprinting to variable extents of the peak temperature microstructures ( Figure 2) . Likewise, the concentration of Ti (and other trace elements in quartz) might have been locked in at some stage of this process rather than at the peak temperature conditions.
Methods

Sample Preparation
[9] Seventeen samples from the SMZ (Figure 1 ) were analyzed. Similar to the study by Stipp et al. [2002b] , we also concentrated on the thin (<2 cm), deformed quartz veins oriented parallel to the mylonitic foliation. From these veins, 2-3 mm thin slices were cut perpendicular to the mylonitic foliation and parallel to the stretching lineation. The samples were broken, and fragments of ca. 2-3 mm across were mounted in 25 mm diameter epoxy disks with the cut surface (i.e., the kinematic plane) facing down. Sample surfaces were ground [2004] : BLG, zone of bulging recrystallization; SGR, zone of subgrain rotation recrystallization; GBM, zone of grain boundary migration recrystallization. Temperatures are inferred from the reaction isograds of critical mineral assemblages within the metasediments [Stipp et al., 2002b] . Inset at the lower left shows the petrogenetic grid with synkinematic reactions observed along the section and the P and T ranges within the SMZ as estimated by Stipp et al. [2002b] . and polished to provide a cross section through each sample. Before in situ trace element measurements, the samples were investigated using cathodoluminescence (CL) and backscattered electron imaging (BSE) in a scanning electron microscope to reveal any potential zoning in Ti concentration or any nonquartz impurities. The epoxy mounts were cleaned and coated with 70 nm Au before loading into the ion microprobe. In addition, standard thin sections of each sample were inspected with a petrographic microscope to identify the microstructures.
[10] Because of the coating and because the analyzed spots were selected with the aid of an optical camera inside the measurement chamber of the ion microprobe, there is little microstructural control on the spot locations. This is especially problematic in monomineralic rocks such as mylonitic quartz veins studied in this project. The analytical spots were selected away from inclusions, other mineral phases and pore spaces, and typical spacing between the spots was the estimated grain size. In samples with obvious bimodal grain size (e.g., TN11) the spacing was on the order of the recrystallized grain size to ensure that both porphyroclasts and recrystallized grains were measured.
Analytical Procedure
[11] All analyses were done on the SHRIMP-RG (Sensitive High Resolution Ion MicroProbe Reverse Geometry) in the U.S. Geological SurveyStanford University ion microprobe facility in the School of Earth Sciences at Stanford University.
A primary ion beam of 1 to 2.5 nA of negative O for 48 Ti and 10 s for both 47 Ti and 49 Ti. Two or three scans through the run table were used for each analytical spot in each sample, with 10-25 spots being measured. The isotopic ratios between each of the 3 Ti isotopes were checked to ensure that there are no analytical interferences or counting problems. Background counts for all isotopes measured were insignificant. Data were reduced by determining average counts per second for each isotope and calculating a ratio with respect to 30 Si.
[12] Ti concentrations were calculated relative to a synthetic quartz doped to 46 ppm Ti (sample QTiP 13 by Thomas et al. [2010] ). Quartz from a "lower temperature unit" of the Bishop tuff ) was used as a secondary standard for Ti (average 40 ppm Ti). Concentrations of all other elements were relative to National Institute of Standards and Technology (NIST) Standard Reference Material (SRM) 610 and 612 and four rhyolite glasses -RLS-37, RLS-132, RLS-140, RLS-158 [Macdonald et al., 1992 ] -using a correction for the difference in the silica concentrations between the NIST glasses and rhyolites (72-77 wt. % SiO 2 ) and the relative pure quartz. A calibration for Ti concentration was also determined using the NIST glasses and rhyolites and was within error to the more direct calibration determined from the synthetic quartz (QTiP 13). Ti concentrations in ppm were calculated from the equation given by Wark et al. [2007] and Wark and Watson [2006] .
[13] The estimated 2s accuracy of the TitaniQ thermometer in the temperature range between 700 and 400°C is ±4-5°C , while the analytical precision of the geothermometer using the SHRIMP-RG analyses was estimated to ±1-3°C in the same temperature range. Any error in the temperature estimate larger than ∼10°C was therefore interpreted as within-sample variation between the analyzed spots/grains. [Stipp et al., 2004] . Original secondary microstructures with large irregular quartz grains and lobate grain boundaries are occasionally present as well. Textures are characterized by strong c axis maxima close to the periphery of the pole figure or incomplete girdle fabrics [Stipp et al., 2002b [Stipp et al., , 2004 . These microfabrics suggest that the pre-Alpine retrograde greenschist facies deformation of the Edolo schist veins was insignificant, because low temperature BLG microstructures are completely lacking. Due to the long regional cooling time of the pre-Alpine metamorphism, the final Ti content has possibly been controlled by volume diffusion. The SMZ quartz veins display uniform, featureless CL with the exception of sample TN11, in which the elliptical bright cores (the porphyroclasts) are surrounded by darker gray rims (recrystallized matrix) ( Figure 3 ). [Jessell, 1987; Stipp et al., 2002b; Urai et al., 1986] . These GBM grains were overprinted to a different extent by retrograde SGR and some local BLG (Figures 2b and 2c ). Large GBM grains (>200 mm) dominate the microstructure within all the GBM zone samples, except for sample TN11 in which the retrograde overprint is strong, with a high percentage of dynamic recrystallization ( Figure 2c ). Nevertheless, there are porphyroclasts left in TN11 which show no transformation into elongated ribbon grains but rather irregular grain shapes and lobate grain boundaries, suggesting a previous GBM activity. [16] There is a broad transitional zone between GBM and SGR without samples within the study by Stipp et al. [2002b] . We did find a sample (TN10) in this zone with an inhomogeneous microstructure and considerable retrograde overprinting by BLG. The highest temperature/lowest stress microstructure, however, consists of relic elongated porphyroclasts embedded in a matrix of recrystallized grains ( Figure 2d ). These recrystallized grains are also elongated and about the size or slightly larger than the subgrains inside the porphyroclasts ( Figure 2d ). The partly sutured-tolobate grain boundaries of the recrystallized grains may indicate a contribution of grain boundary migration close to the SGR/GBM transition, as already proposed for sample MS15.2 [cf. Stipp et al., 2002b, Figure 3f] . The recrystallized grain size of sample TN10 is approximately 100-110 mm when taking the strong shape fabric into account [cf. Stipp et al., 2002a Stipp et al., , 2002b . Hence, this size is close to 120 mm, which has been reported to be the characteristic recrystallized grain size at the SGR/ GBM transition based on a worldwide compilation of quartz mylonite samples [Stipp et al., 2010] . Sample TN10 allows us therefore to locate more precisely and accurately the SGR/GBM transition in the investigated transect across the Tonale Fault Zone; i.e., between samples TN10 and TN15 at a peak synkinematic temperature of ∼540°C (Figure 1 ).
[17] Samples TN2-TN6, and 15.2 [cf. Stipp et al., 2002a] show typical SGR microstructures with elongated ribbon grains (porphyroclasts) surrounded by recrystallized grains that are about the same size or slightly larger than the subgrains within the porphyroclasts (Figure 2e ). The porphyroclasts are interpreted as being remnants of the pre-SMZ grains; i.e., they were presumably formed during pre-Alpine metamorphism and deformation (cf. above in the same section). Retrograde overprints in the SGR zone [cf. Stipp et al., 2002b] are characterized by sutured or serrated grain boundaries, indicative of BLG, whereas the grain boundary bulges, mantle subgrains [e.g., Valcke, 2008] , and small recrystallized grains are about the same size. This overprinting can be quite intense in the samples.
[18] The BLG/SGR transitions at a recrystallized grain size of 35-40 mm [Stipp et al., 2010] is not well represented in our sample set. TN17, the only sample collected from the BLG zone, contains large porphyroclasts with undulose and patchy extinction, internal shear band sets, and sutured grain boundaries ( Figure 2f ). Bulges along the grain boundaries, mantle subgrains, and recrystallized grains are approximately the same size.
Trace Element Concentrations
[19] In addition to Ti, five trace elements were examined (Li, Al, P, Fe, Ge), for which the concentration was adequately high to warrant analytical precision, and for which the position in the crystal lattice of quartz is known [e.g., Götze et al., 2001; Larsen et al., 2004; Maschmeyer and Lehmann, 1983; Rakov, 2006] . The concentration of these trace elements was normalized to 30 Si. The relative concentrations of 7 Li, 27 Al, 48 Ti and 56 Fe decrease with distance from the pluton, with a break in slope at approximately 300 m from the contact for the first three and at about 150 m for Fe (Figure 4 ). Beyond this distance the concentrations appear to be constant within the error. There is no clear trend for P and 74 Ge concentrations. These data suggest that the change in concentration of different trace elements (especially Ti, Al and perhaps Fe) is not only a function of recrystallization temperature but also of respective diffusivity rates. Li + , being a very mobile and an interstitial trace element that acts as a charge compensator with Al 3+ and Fe 3+ , likely changes its concentration as a function of the other two trace elements, replacing Si 4+ . If the change of studied trace element concentration was simply the result of metamorphic fluids emanating from the pluton, the break in concentration/distance slope would be at approximately the same distance from the pluton as where the fluid infiltration ceased.
Titanium-in-Quartz Geothermometry (TitaniQ)
[20] Temperature was calculated for each analytical spot and, for each sample, the average value is reported (Table 1) . TitaniQ temperatures were determined using equation 12 of Thomas et al. [2010] :
The parameters a, b and c were the same as given by Thomas et al. [2010] . R is the gas constant 8.
is the mole fraction of TiO 2 -in-quartz converted from the measured Ti concentration (in ppm) using Thomas et al.'s [2010, appendix] equation.
[21] As the SMZ is a dominantly strike-slip shear zone, there was no significant differential uplift across the shear zone; therefore the confining pressure was assumed to be 275 ± 25 MPa for all the studied samples. Ti activity (a TiO2 ) in monomineralic rocks, as in quartz veins, is difficult to estimate. Although rutile, ilmenite and magnetite were observed in several of the samples, no reactions between FeTi oxides could be found, which would be required as exchange reactions to calculate the a TiO2 . Dynamic recrystallization of quartz was driven by deformation and differential stress, not by metamorphic reactions. Coexisting FeTi oxides, formed likely during precipitation of the studied veins, did not recrystallize together with quartz during shearing. In addition, some rutile needles may have formed by exsolution of Ti from the quartz lattice during cooling [e.g., . Therefore, even where FeTi oxides are present, assuming ideal exchange equilibria between them would not apply for the a TiO2 during dynamic recrystallization of quartz. The minimum synkinematic a TiO2 was thus calculated Si. Sample TN11 is subdivided into porphyroclasts (TN11c; red symbol) and recrystallized grains (TN11r; green symbol). The porphyroclasts formed by GBM are close to peak synkinematic temperature within the GBM zone, and the recrystallized grains by SGR under retrograde conditions. Vertical gray stripes mark the transitions between dominant dynamic recrystallization mechanisms: GBM, grain boundary migration recrystallization; SGR, subgrain rotation recrystallization; BLG, bulging recrystallization. The horizontal error bar is 2s = ±5 m and smaller than the symbol, the vertical error bar represents the standard deviation of the measurements within the sample. Note that for Li, Al, Ti and Fe the standard deviation is larger in the zone of GBM than in the zones of SGR and BLG where no changes in concentration with distance (i.e., temperature) occur. Thomas et al. [2010] . Using TitaniQ, the temperature is calculated for each analytical spot, and for each sample the average values are reported. The average Tukey's Biweight analysis was performed [Press et al., 1992] , in which the outlier values are ignored. Temperatures are calculated according to Wark and Watson [2006] (a TiO2 = 1.0), Thomas et al. [2010] (P 275 MPa, a TiO2 = 0.5), Thomas et al. [2010] (275 MPa, a TiO2 = 0.3), and Thomas et al. using the sample TN14 with the highest Ti-inquartz concentration, the local peak synkinematic temperature of 630°C ± 30°C (see Figures 1 and 3) as the maximum temperature permitted during dynamic quartz recrystallization, and by rearranging equation (1) to:
The average a TiO2 = 0.20 ± 0.02 was obtained for 10 analytical spots in the sample, and a TiO2 = 0.2 was then applied to all calculations, with obtained results then interpreted as maximum deformational temperatures. The greatest possible a TiO2 for the GBM samples was estimated to be ∼0.3, because at higher values the calculated deformation temperature would be lower than the temperature required to produce the observed deformational microstructures (see further discussion in section 5.2).
[22] The Ti-in-quartz concentration of the entire sample set varies between 0.2 and 44 ppm (2.56E-7 to 5.48E-5 mol fractions), yielding individual spot temperatures between ∼302 and ∼670°C. The average temperatures of the samples range from 319 to 647°C. Within the first 300 m, from the contact to the pluton, a continuous decrease in temperature, from ∼650 to ∼515°C, is observed within the zone of GBM ( Figure 5 ). Within analytical error, this trend is consistent with the peak temperatures from synkinematic reaction isograds [Stipp et al., 2002b; Werling, 1992] , which display an almost linear decrease in temperature across the SMZ ( Figure 5 ). In sample TN11, there is a clear bimodal distribution of the calculated temperatures; the brighter CL cores and the darker CL rims yielded 505°C and 433°C respectively ( Figure 5 ). The GBM-SGR transition between the samples TN15 and TN10 is rather distinct, with a decrease in TitaniQ temperature from 515 to 363°C respectively. Further north, within the zones of SGR and BLG, the TitaniQ temperatures scatter between ∼320 and ∼385°C without any consistent trend of decreasing temperature and without correlation to the recrystallization mechanism transition ( Figure 5 ). Temperatures based on a TiO2 = 1 and on the calibration of Wark and Watson [2006] with a TiO2 = 1 are shown for comparison. Two pairs of curves of T calculated for a TiO2 = 0.2 and 1 are shown in Figure 5b , one after Wark and Watson [2006] , the other after Thomas et al. [2010] to illustrate the increase in temperature difference with increasing Ti content.
Timing of Contact Metamorphism
[23] New geochronological and geothermometer measurements were carried out to better constrain intrusion ages and temperatures at the rim of the Adamello pluton [cf. Stipp et al., 2004] . Zircons from a tonalite sample (MS97-67.2, Figure 1 ) were analyzed for U-Pb and trace element composition using the SHRIMP-RG. Mineral separates were the same as those used by Stipp et al. [2004] . Fifteen spots from 11 zircon grains were analyzed. Pits were ∼30 mm in diameter and had a depth of ∼5 mm. Analytical procedures are outlined in the auxiliary material, with results presented in Table 2 and plotted in Figure 6 . [24] The crystallization temperature of zircon was estimated using Ti-in-zircon geothermometry . Spot locations were the same as for U-Pb analyses of the same zircons: analytical procedures are provided in the auxiliary material. Data collected from zircon rims and the temperatures calculated using the calibration of Ferry and Watson [2007] are shown in Table 3 . The temperatures range from 703.5 to 741.6°C for individual spots, yielding an average temperature of 715 ± 12°C. This temperature, at the rim of the Presanella tonalite, fits very well to the observed partial melting of the closest metapelitic to metapsammitic rocks during contact metamorphism at ∼650-700°C or higher [Stipp et al., 2002b [Stipp et al., , 2004 and thus to the apparent temperature gradient in the contact aureole ( Figure 5 ) [Stipp et al., 2002b] .
Discussion
Contact Metamorphism and Shearing
[25] It has been suggested that the whole thermal pulse within the SMZ did not last longer than ∼5 Ma and was probably much shorter than that [Stipp et al., 2004] . The observed apparent thermal [1983] , this indicates fast cooling below 300°C to the preintrusion ambient temperature immediately after the intrusion, even faster cooling than that based on the hitherto available U/Pb zircon age of 32.0 ± 2.3 Ma [Pennacchioni et al., 2006; Stipp et al., 2004] . Time of mylonitization at peak temperature conditions at any site of the contact aureole was, accordingly, very short, probably from a few 10 ka close to the pluton to not more than 1 Ma in the outermost parts of the SMZ [Stipp et al., 2004] .
Titanium Activity
[27] It has been suggested that metapelitic rocks, which usually contain abundant FeTi oxides, have the a TiO2 of 1 or close to 1 [Ghent and Stout, 1984] . 
Geochemistry Geophysics
Geosystems G 3 G Since rutile and also some ilmenite and magnetite were found in the metapelitic to metapsammitic series and also in some of the quartz vein samples, a TiO2 = 1 was initially assumed for the temperature calculations with the TitaniQ calibration by Wark and Watson [2006] as has been done by the first studies on quartz mylonites [Grujic et al., 2009; Kohn and Northrup, 2009; Pennacchioni et al., 2010] . This provided results, interpreted as minimum temperatures, which are consistent with the estimations of the peak synkinematic temperature within error of ±30°C [cf. Stipp et al., 2002b] . It should be noted that for a TiO2 < 0.7 the deformation temperatures of the hottest samples TN12-14 would be higher than the peak synkinematic temperatures, including the 30°C error of the metamorphic reactions and the 12°C standard deviation of measurements in these samples. However, it was found experimentally that the Ti solubility in quartz is highly pressure dependent [Thomas et al., 2010] . Consequently, we used the pressure-dependent TitaniQ calibration of Thomas et al. [2010] with a TiO2 = 1 and P = 275 MPa that conversely yields up to 150°C lower temperatures than the corresponding peak synkinematic metamorphic temperatures and also significantly lower than the temperatures required to form the observed dynamic recrystallization microstructures (Table 1 and Figure 5 ). For example, in several samples with BLG and SGR microstructures, a deformation temperature well below the frictional-viscous or brittleplastic transition (BPT) at 270-310°C [e.g., Stipp et al., 2002b; Stöckhert et al., 1999; van Daalen et al., 1999; Voll, 1976] was indicated. At such low temperatures dominant plastic deformation of quartz is impossible because of a required differential stress above the confining pressure, which automatically causes a switch from plastic to brittle deformation (Goetze criterion) [e.g., Kohlstedt et al., 1995] . Therefore, the temperature estimation must either be wrong or does not correspond to the mylonitization of the rock but to a deformation at retrograde conditions. The latter can be excluded due to the sluggish Ti diffusion in quartz at temperatures below 300°C (see also section 5.4).
[28] As described in section 4.3, the minimum a TiO2 for the sample with the highest Ti-in-quartz content was estimated, assuming that the local peak synkinematic temperature is the highest temperature achieved during dynamic recrystallization of quartz. The a TiO2 = 0.2 yielded temperatures closest to the local peak synkinematic temperatures ( Thomas et al. [2010] . Results were equivalent to those found in our samples: the temperatures were much too low for a TiO2 = 1 (as little as 205°C and therefore well below the BPT), while temperatures corresponding to the original results, which are in accordance to the metamorphic record of the rocks, were obtained for a TiO2 = 0.2-0.3. [29] There is no simple geological explanation as to why the Ti-in-quartz content would equilibrate at significantly lower temperatures (by up to ∼150°C) than suggested by the synkinematic metamorphic assemblages and the thermal structure of the contact aureole. It is also not clear why the a TiO2 in quartz mylonites would be so low (0.2-0.3) in contrast to a TiO2 of 1, or close to 1, as generally proposed for metapelites [e.g., Ghent and Stout, 1984] . The a TiO2 can be calculated using ideal exchange equilibria between coexisting FeTi oxides [Reid et al., 2010; Wark et al., 2007] . Ideally, P and T could be determined simultaneously by the crossing isopleths method [Thomas et al., 2010] , combining Ti-in-quartz [Thomas et al., 2010] with Zr-in-rutile [Tomkins et al., 2007] or Zr-in-titanite [Hayden and Watson, 2007] . However, neither method can be applied in monomineralic quartz mylonites, because they are usually poor in FeTi oxides. Even if the latter were present in the quartz mylonites they were most likely not in equilibrium with the dynamically recrystallizing quartz; most of these assemblages may have formed prior to dynamic recrystallization. Hence, it may be hypothesized that dynamic recrystallization either strongly in-fluences the a TiO2 or results in an apparent value of a TiO2 . Therefore, the traditional way to calculate a TiO2 based on volume diffusion, assuming static conditions and assemblages in equilibrium [e.g., Ghent and Stout, 1984] , may not apply for mylonites. Metamorphic (re)crystallization is driven by the energy associated with the overstepping of reactions. The diffusion of components toward and away from the migrating reaction front or phase boundary usually limits the migration rate itself [Carlson, 2002] . On the contrary, dynamic recrystallization of minerals is mainly driven by internal strain energy and stress gradients and involves processes that operate at different time scales than the metamorphic reaction. Hence, there are clear differences between the static and the dynamic case, and some aspects of "dynamic diffusion" will be discussed in section 5.4.
[30] Based on the results and the recalculated published data [Kohn and Northrup, 2009] , it may be suggested that a TiO2 ≈ 0.2-0.3 is a more realistic value for quartz mylonites with low contents in FeTi oxides. It is, however, unlikely that the a TiO2 was constant across the SMZ. Because the samples from zones of SGR and BLG yielded inherited temperatures attained by slow, long cooling from pre-Alpine metamorphism, their Ti-in-quartz concentration could have been adjusted to decreasing temperature and pressure by volume diffusion and at an a TiO2 closer to 1, as expected for pelitic rocks [Ghent and Stout, 1984] . The minimum temperatures of these samples at a TiO2 = 1 of ∼250-310°C ( Figure 5 and Table 1 ) are therefore the more likely TitaniQ results, which are also consistent with the estimated ambient temperature of ∼250°C before the onset of Oligocene magmatism and SMZ shearing [Stipp et al., 2004] . Systematic experimental investigations and measurements on naturally deformed rocks are required to constrain a TiO2 and to investigate other parameters that are potentially critical for an application and extrapolation of the experimental TitaniQ calibration to natural quartz mylonites.
Temperature Heterogeneities
[31] The measured sample temperatures are in accordance with the complex thermal history caused by the cooling contact aureole during ongoing deformation and, in general, also with variable deformation microstructures consisting of old porphyroclasts and new recrystallized grains. The samples from zones of BLG and SGR deformed at temperatures < ∼540°C (TN2-6, TN17 and 15.2)
show only unimodal Gaussian within-sample Ti distributions and very homogeneous, flat CL. The estimated temperatures scatter between ∼320 and ∼390°C (at a TiO2 = 0.2, or rather, at a TiO2 = 1 between ∼250 and ∼310°C, see section 5.2) and there is a lack of correlation of temperatures to the peak synkinematic temperature or to the distance from the pluton ( Figure 5 ). The related trace element data may represent the pre-Alpine amphibolite and retrograde greenschist facies metamorphic conditions of the Edolo schists [Spalla et al., 1999] . Oligocene contact metamorphism and subsequent shearing and retrogression are only of very little importance as indicated by the lack of CL zoning and small within-sample scatter in trace element compositions ( Figure 5 and Table 1 ). We propose, therefore, that the Ti-in-quartz concentration in the BLG and SGR samples is close to the "starting composition" from which the hotter GBM samples were reequilibrated. The scatter in temperatures between the samples may reflect the great sensitivity of the TitaniQ to slight variations of the Ti-in-quartz content at low temperatures (see e.g., Figure 5b ). Preservation of pre-Tonale trace element concentration in quartz can be explained by the short duration of contact metamorphism, slow diffusion rates at low temperatures, the large quartz grain size of the protolith, and incomplete dynamic recrystallization during deformation (see sections 5.3 to 5.5).
[32] Samples from the GBM zone also show unimodal Gaussian temperature distributions and flat CL, which, along with the decreasing temperature trend, can be related to the Oligocene contact metamorphism and deformation. One exception is sample TN11 with its distinct CL pattern in which a temperature difference of ∼75°C between the brighter grain cores and darker rims was observed (∼510°C and ∼435°C, respectively). Although sample TN11 is from the GBM zone (Figure 1 ), it is characterized by an SGR microstructure consisting of large porphyroclasts with internal subgrains and surrounded by small recrystallized grains (Figure 2f ). The porphyroclasts, characterized by some GBM microstructures, were formed close to the peak synkinematic temperature (∼550°C), while the recrystallized matrix corresponds to retrograde overprinting by SGR. The porphyroclast cores are within the apparent T gradient of the samples (TN12-15, 68.2 and 18.5), while the rims deviate toward lower temperatures. Hence, sample TN11 represents an exception, as retrograde overprinting by SGR is related to a resetting of Ti-inquartz concentrations. In contrast to the SGR and BLG zone samples, this sample from the GBM zone acquired the SGR microstructure during retrograde deformation along the SMZ. This implies that reequilibration from a higher to a lower Ti content is easier and faster than the diffusion required for an increase in Ti concentration, which is apparently in disagreement with diffusion laws. This discrepancy could be explained by an equilibration time that is longer at retrograde SGR conditions (at and below ∼540°C) than at peak synkinematic temperature within the zone of SGR. Alternatively, it can be assumed that the reequilibration from higher to lower Ti content is preferred, because excess Ti can be exsolved as tiny rutile needles or TiO 2 in the colloidal state , while an increase in Ti content during temperature rise requires a Ti source in the rock, which is not necessarily given in the quartz veins. We favor this second explanation or a combination of both.
[33] Samples 110.8 and 66.3, taken closest to the intrusion (Figure 5 ), show c axis pole figures with secondary maxima close to X [Stipp et al., 2002b] , indicative of high temperature deformation above ∼630-650°C [cf. Blumenfeld et al., 1986; Kruhl, 1996; Mainprice et al., 1986] as expected at the position of these samples in the contact aureole. Their GBM microstructures without any indication of microstructural overprinting display the largest recrystallized grain sizes of the entire sample set. As there is a consistent trend of increasing recrystallized grain size and hence decreasing flow stress with increasing temperature in the entire section across the SMZ [Stipp et al., 2002b] , it is reasonable to assume the highest deformation temperature for these two samples. Although a retrograde reequilibration of the two samples is not evident, they show significantly lower TitaniQ temperatures than expected from the peak synkinematic temperature trend (see Figure 5 ). One possible explanation is a partial reequilibration due to static volume diffusion without dynamic recrystallization when deformation ceased at still high contact metamorphic temperatures. Alternatively, there might be a yet unrecognized effect of the b to a quartz transition during cooling through ∼645°C (at 275 MPa [Shen et al., 1993] ) causing some Ti release from the lattice, although no difference in Ti solubility between the two polymorphs [Thomas et al., 2010] and also no difference in the recrystallization microstructure and its stress dependence [Stipp et al., 2006] have experimentally been observed. [34] There is a larger within-sample spread of T in the GBM mylonites than in the BLG and SGR mylonites ( Figure 5 and Table 1 ), which could be caused by the time dependence of resetting. The resetting time was short and the reequilibration patchy in the GBM samples while the BLG and SGR samples were not reequilibrated in Ti and other trace element composition during the Oligocene contact metamorphism. The better; i.e., longer, equilibrated samples preserving the long-lasting pre-Alpine regional metamorphism of the Edolo schists also show a small T scatter between the measurement spots.
Diffusion Rates
[35] The distances of diffusional alteration of Ti concentrations in quartz in 1 Ma are approximately 340 mm at 800°C, 10 mm at 600°C, 1 mm at 500°C, and ∼0.2 mm at 400°C . These very slow diffusion rates greatly limit the applicability of TitaniQ to gauge the deformation temperature, because the duration of plastic shearing along a ductile shear zone is usually on the order of 10 6 a, which is at T < 600°C not sufficient to homogeneously reset the Ti concentration in quartz grains >10 mm. Dynamic recrystallization preferentially reduces the grain size in mylonitic shear zones, whereas a smaller recrystallized grain size indicative of higher flow stress is commonly related to lower T of deformation [e.g., Stipp et al., 2002a Stipp et al., , 2010 . With decreasing grain size the diffusional distance for trace elements decreases, but, with decreasing T, the Ti diffusivity decreases even faster ; eventually, at a threshold T, Ti diffusion virtually stops even in the case of continuous deformation over long geological time scales. Therefore, in low temperature mylonites, TitaniQ preferentially records inherited temperatures. In the investigated mylonites with a high content of porphyroclasts, temperatures below ∼500°C can thus be considered to be related to the pre-Alpine metamorphism of the region, which lasted significantly longer than the thermal pulse of Adamello contact metamorphism. In contrast, in the zone of GBM, where the grains have a size of 0.2-5 mm, even a relatively short period of deformation at peak synkinematic temperatures (540-700°C) was observed to be sufficient to reequilibrate the Ti-in-quartz concentration. However, according to the experimental results [cf. ], a T < 700°C during 1 Ma is not sufficient to homogeneously reequilibrate the Ti concentration by volume diffusion in such large grains. It is, therefore, proposed that recrystallization by GBM (see section 5.5) along with diffusion via grain boundary fluids charged with trace elements [e.g., Knipe and McCaig, 1994] enabled the equilibration of the Ti-in-quartz concentrations.
[36] The correlation of Al concentration to the distance from the pluton contact in the GBM zone (Figure 4) suggests that the Al content has reequilibrated in this zone in a similar fashion as the Ti-in-quartz concentration. Information on intergranular diffusivity of Al during metamorphic reactions [Carlson, 2002, Figure 17] can be used to estimate the time needed to redistribute Al across the given distance (0.2-5 mm) at related T (540-700°C). Similar to Ti, the calculations indicate that the Al content in the largest quartz grains could have been redistributed only at the maximum registered temperature if the deformation lasted at least 1 Ma. Since Al has been redistributed even at the lowest T in the GBM zone during much less than 1 Ma, this suggests that dynamic recrystallization by GBM may have caused the redistribution of Al and, thus, other trace elements as well.
Dynamic Recrystallization
[37] It can be suggested that trace element concentrations more than 300 m away from the pluton preserve the state prior to contact metamorphism and Tonale shearing, because they do not show a correlation to a decreasing temperature with increasing distance from the pluton, but rather fairly constant values. At the transition from SGR to GBM there is a sharp break in slope of Al and Ti concentration versus distance from the pluton (Figure 4) . The break in the slope of Fe concentration is at higher temperature, possibly implying a lower temperature dependence (Figure 4) . The Li concentration clearly steps up at the SGR/GBM transition, but there is no systematic increase with increasing temperature, which is probably due to the role of Li as a charge compensator. Therefore, we propose that Al, and especially Ti, are good indicators for diffusion and recrystallization effects. Indeed, both trace elements show a consistent trend of increasing concentration with decreasing distance from the pluton within the internal 300 m of the contact aureole (>540°C) except for a slight spread in the data and the deviation of the two samples closest to the contact (Figure 4 ; see also section 5.3). As has been discussed before, the new equilibration could not have been caused by volume diffusion, because diffusion rates are too slow to reequilibrate the samples in the given time spans (see section 5.4). The only plausible explanation is that Ti and Al contents have been modified by migration of the grain boundaries during dynamic recrystallization by GBM. Thus, in the GBM zone, within which all the samples have been completely recrystallized near peak synkinematic temperatures [cf. Stipp et al., 2002b] , Ti and Al concentrations in quartz were fully reset. [38] In the zones of BLG and SGR, quartz was dynamically recrystallized to a progressively larger volume percentage and size of the new grains with increasing temperature [Stipp et al., 2002b] . In the samples from the BLG zone it was difficult to measure the trace element content of the recrystallized grains owing to their small size (∼5-25 mm, which is lesser than the analytical spot) and volume percentage (<10%). The data from the only measured sample are consistent with the data from the SGR samples (Figures 4 and 5) . The SGR samples have ∼15-80 volume percentage of recrystallized grains, and the recrystallized grain size is larger (∼40-100 mm). Within the SGR samples it was possible to measure the two different grain populations (porphyroclasts and recrystallized grains) as demonstrated by the SGR-retrogressed sample TN11 from the zone of GBM (see section 5.3). Nevertheless, it can be confidently stated that the recrystallized grains do not show a trace element content different from that of the porphyroclasts as suggested by the absence of CL patterns and the small within-sample variations in Ti and other trace element content. The best explanation is that the thermal exposure time during SMZ activity was not long enough at T < 540°C for the reequilibration by volume diffusion, and that the dynamic recrystallization by BLG or SGR, did not mobilize the trace elements in quartz. [39] Recrystallization is known to be an effective mechanism for isotopic resetting in shear zones [Stünitz, 1998 ]. The enhanced compositional exchange rate during deformation may result from a reduction in grain size (shorter distance for volume diffusion and larger contribution of grain boundary diffusion), or the migration of high angle grain boundaries through strained grains during recrystallization in the dislocation creep regime [Yund and Tullis, 1991] . It is commonly assumed that the migration of high-angle grain boundaries through the material provides high diffusivity pathways for the rapid exchange of components during recrystallization. Compositional change may thus be promoted by dislocations sweeping through a region of a mineral undergoing plastic deformation where these dislocations provide mobile shortcuts [Chakraborty, 2008] . [40] Experiments on polycrystalline calcite [McCaig et al., 2007] have demonstrated that grain boundary diffusion of 44 Ca is at least five orders of magnitude greater in mobile grain boundaries than in static boundaries under the same conditions. The most likely explanation is that diffusivity in the boundaries is enhanced during migration. It has also been established that dislocations can transport atoms through a crystal by pipe diffusion at rates orders of magnitude faster than by volume diffusion [Legros et al., 2008] . Because the dislocation density in deforming minerals is high, pipe diffusion probably plays an important role in mass transfer. Although data from this study do not provide direct information on grain boundary or dislocation scales, they do show that dynamic recrystallization by GBM fundamentally enhances the resetting of Ti and other trace element concentrations in quartz. Based on the existing experimental results, we conclude that the increased diffusivity along mobile grain boundaries is the most important process of reequilibration in the investigated quartz mylonites. If pipe diffusion is also significant, it has to be much more efficient at higher temperature GBM than at temperatures of SGR and BLG.
Summary and Conclusions
[41] The Ti-in-quartz geothermometer (TitaniQ) was applied to quartz mylonites with wellconstrained metamorphic temperatures ranging between ∼330 and ∼690°C, as derived from reaction isograds of synkinematic mineral assemblages, with the aim to determine the deformation temperature of quartz mylonites. We found that the application of TitaniQ to quartz mylonites is not so straightforward as previously proposed. Ti solubility in quartz is highly pressure-dependent and the TiO 2 activity (a TiO2 ) is difficult to determine precisely. When using the pressure-dependent calibration by Thomas et al. [2010] with an a TiO2 close to 1 as commonly assumed for metapelitic rocks, the resulting temperatures are much too low, suggesting that either standard a TiO2 estimations are wrong or the TitaniQ cannot be simply extrapolated and applied to naturally deformed rocks. This discrepancy requires further experimental investigation and systematic application of TitaniQ to different quartz mylonites before it can be used as a standard tool to determine P/T conditions of natural shear and fault zones. [42] Assuming that TitaniQ can be applied directly to the investigated quartz mylonites, we determined the a TiO2 by inserting the synkinematic metamorphic P/T data from the sample with the highest Ti concentration into the temperature equation. The resulting synkinematic a TiO2 of 0.2 was then used to calculate the maximum TitaniQ temperatures of all other samples: the minimum temperature is constrained by a TiO2 = 0.3. We are aware that this procedure is a circular reasoning and that the calculated temperatures, although more precise, cannot be more accurate than the temperatures derived from the synkinematic mineral assemblages. However, as most of the investigated samples are mylonitic quartz veins within a relatively homogeneous sequence of metapelitic to metapsammitic rocks for which the assumption of a more or less constant a TiO2 is reasonable, and as the results of the trace element analysis are consistent, we are confident that this procedure is acceptable.
[43] With regard to the trace element composition of quartz there are samples which are unaffected by contact metamorphism and Tonale shearing and those which show a resetting in trace element concentration. Ti and Al data in particular, show a sharp transition from samples with a decreasing concentration with decreasing peak synkinematic temperature to samples with a fairly constant concentration caused by pre-Alpine regional metamorphism. This shift corresponds exactly to the GBM to SGR transition at 540°C. For all GBM samples, it was observed that TitaniQ registers the temperature at which quartz "locks in" its microstructure; i.e., when deformation and dynamic recrystallization ceases. Based on new SHRIMP zircon U/Pb dating of the Presanella tonalite (30.5 ± 0.5 Ma), we further ascertain that the time of contact metamorphism was very short, on the order of 1 Ma. The time of deformation at the particular peak synkinematic metamorphic conditions was actually much shorter than that. Therefore, the available time was insufficient to reequilibrate the trace element composition of quartz by volume diffusion. The best explanation for the reequilibration in the zone of GBM is an increased diffusivity along the migrating grain boundaries of the investigated quartz mylonites.
[44] Hence, dynamic recrystallization by fast grain boundary migration in the zone of GBM was a very effective reequilibration mechanism for Ti and other trace elements, while within the zones of BLG and SGR no reequilibration of the Ti concentrations could be detected. Grain boundary migration recrystallization is likely one of the most important processes for the enhancement of diffusive equilibration during deformation and it is much faster than equilibration under static conditions by volume and grain boundary diffusion.
